The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Abstract: This paper presents a cost-effectiveness comparison of coupler designs for wireless power transfer (WPT), meant for electric vehicle (EV) dynamic charging. The design comparison of three common types of couplers is first based on the raw material cost, output power, transfer efficiency, tolerance of horizontal offset, and flux density. Then, the optimal cost-effectiveness combination is selected for EV dynamic charging. The corresponding performances of the proposed charging system are compared and analyzed by both simulation and experimentation. The results verify the validity of the proposed dynamic charging system for EVs.
Introduction
Wireless power transfer (WPT) has attracted more and more attention for contactless charging and has been developed significantly for various applications in recent years [1] [2] [3] , such as cell phone charging [4] , grid fault detection [5] , biomedical implants [6] , etc. WPT technologies have been demonstrated to be suitable for complex operating situations [7, 8] . As the study of electric vehicles (EV) has received increasing attention due to environmental considerations, the WPT technique has offered a new strategy for improving the driving experience of EVs. One of the important concerns about EVs is battery drawbacks, such as the capacity, size, weight, and charging time, which greatly limits the driving distance of EVs [9, 10] . To solve this problem, a dynamic charging system adopting WPT has been proposed to extend the driving distance of EVs [11] [12] [13] .
However, economic issues should be considered because of the high initial investment when a dynamic charging system via WPT is implemented. Previous research works have investigated different shapes of coil couplers for WPT [14] [15] [16] [17] [18] . But these works have not discussed the trade-off between the cost and the performance of the dynamic WPT charging system for EVs.
The purpose of this paper is to investigate the cost-effectiveness and the performance of three types of coil couplers with different shapes, including rectangular, circular, and hexagonal. Based on the same volume of raw materials, their corresponding WPT performances will be quantitatively compared and analyzed. In this way, the optimal type will be confirmed to design the coil topology for the EV dynamic charging with better characteristics and less investment. Both simulation and experimentation will be carried out to prove the validity of the proposed dynamic charging system with optimal cost-effectiveness.
The rest of the paper is organized as follow. Section 2 will discuss and compare the common three types of coupler designs based on cost-effectiveness and performance. Section 3 will present the proposed dynamic charging system for EVs with optimal cost-effectiveness. Then, in Section 4, conclusions will be drawn.
Cost-Effectiveness Comparison of Basic Coupler Designs

Basic Topology and Coupler Design
Various circuit topologies of the WPT systems have been discussed and proposed on the basis of different preferences for the system utilities [1] [2] [3] [4] . The series-series topology is selected in the proposed dynamic charging system since it has been proved to be suitable for long track applications by previous research [18, 19] . Figure 1 shows the basic series-series topology of the WPT system. The abovementioned WPT system mainly consists of the transmitting and receiving circuits, and the power is transferred by a couple of coils (L1 and L2). C1 and C2 are the compensation capacitors to compensate the inductance thus the system can operate at the designed frequency. RLoad represents the load of the system, where a simplified resistor can basically represent the rectifier, driving system, charging system, etc. in EV dynamic WPT applications. R1 and R2 are the internal resistance of the transmitting and receiving circuit, respectively. The mutual inductance M between the coils determines the quantity of the transferred power. A large M value is normally expected which can provide large power output [19, 20] , since the output power can be expressed as:
where ω is the angular frequency, I1 is the current in the transmitting circuit, and Q is the quality factor of the receiving circuit. Thus, the mutual inductance M can be determined as:
where k is the coupling coefficient of the coupler. According to the equations, the coupling coefficient, which is affected by the shape of the coils, distance and angle between the coils, etc., has a square relation with the output power. This means that the change of the coupler shapes will result in the change of the coupling coefficient, and further affect the output power significantly. Figure 2 demonstrates three shapes of couplers for the cost-effectiveness comparison, which includes the rectangular type, the circular type, and the hexagonal type. The dimension design of three couplers is based on practical considerations: the effective area and the amount of material usage. The size of coil is limited by the width of a given road. Hence, the side length of rectangular coils, the diameter of circular coils and the diagonal length of hexagonal coils are designed to be equal. In order to perform the cost-effectiveness comparison, the volume of each kind of coupler is designed to be the same. Thus, the turn number of different shape couplers is different. It should be The abovementioned WPT system mainly consists of the transmitting and receiving circuits, and the power is transferred by a couple of coils (L 1 and L 2 ). C 1 and C 2 are the compensation capacitors to compensate the inductance thus the system can operate at the designed frequency. R Load represents the load of the system, where a simplified resistor can basically represent the rectifier, driving system, charging system, etc. in EV dynamic WPT applications. R 1 and R 2 are the internal resistance of the transmitting and receiving circuit, respectively. The mutual inductance M between the coils determines the quantity of the transferred power. A large M value is normally expected which can provide large power output [19, 20] , since the output power can be expressed as:
where w is the angular frequency, I 1 is the current in the transmitting circuit, and Q is the quality factor of the receiving circuit. Thus, the mutual inductance M can be determined as:
where k is the coupling coefficient of the coupler. According to the equations, the coupling coefficient, which is affected by the shape of the coils, distance and angle between the coils, etc., has a square relation with the output power. This means that the change of the coupler shapes will result in the change of the coupling coefficient, and further affect the output power significantly. Figure 2 demonstrates three shapes of couplers for the cost-effectiveness comparison, which includes the rectangular type, the circular type, and the hexagonal type. The dimension design of three couplers is based on practical considerations: the effective area and the amount of material usage. The size of coil is limited by the width of a given road. Hence, the side length of rectangular coils, the diameter of circular coils and the diagonal length of hexagonal coils are designed to be equal. In order to perform the cost-effectiveness comparison, the volume of each kind of coupler is designed to be the same. Thus, the turn number of different shape couplers is different. It should be noted that the coreless type couplers are normally adopted since the core loss will affect the accuracy [21] . The design specifications are shown in Table 1 .
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Comparison and Analysis
By using the finite element method (FEM) with the JMAG Designer tool, the performances and characteristics of the three types of couplers are calculated and compared. Figure 3 shows the magnetic flux distributions of the three types of couplers. As can be seen in Figure 3 , these couplers are all highly activated. However, the extents of excitation of each are different due to the shapes. Thus, the magnetic fields and the power outputs of them should be also different. Figure 4 illustrates the output power of the three types of couplers in the condition of various horizontal offsets under the load of 18 ohm. It can be seen in the figure that the output power of the three types of coils decreases when the horizontal alignment changes from 0 mm to 400 mm. Although the hexagonal coil shows the maximum output power at the central position, its output power becomes the weakest one when the horizontal misalignment reaches 400 mm. Notably, in this procedure, the rectangular coil shows the greater tolerance of horizontal misalignment among the three type of coils. Thus, it means that these three types of coils possess different natures for practical considerations and applications. 
By using the finite element method (FEM) with the JMAG Designer tool, the performances and characteristics of the three types of couplers are calculated and compared. Figure 3 shows the magnetic flux distributions of the three types of couplers. As can be seen in Figure 3 , these couplers are all highly activated. However, the extents of excitation of each are different due to the shapes. Thus, the magnetic fields and the power outputs of them should be also different. Figure 4 illustrates the output power of the three types of couplers in the condition of various horizontal offsets under the load of 18 ohm. It can be seen in the figure that the output power of the three types of coils decreases when the horizontal alignment changes from 0 mm to 400 mm. Although the hexagonal coil shows the maximum output power at the central position, its output power becomes the weakest one when the horizontal misalignment reaches 400 mm. Notably, in this procedure, the rectangular coil shows the greater tolerance of horizontal misalignment among the three type of coils. Thus, it means that these three types of coils possess different natures for practical considerations and applications. In engineering applications, a WPT system for EV charging should be implemented by considering maximum power output capability for the effective charging area under the minimum material cost. Thus, an evaluation equation is created for wireless power charging of EVs by this paper which can effectively and quantitatively estimate the cost-effectiveness of a WPT system via the power output, the effective area, and the material volume, as follows.
where P stands for the output power, S stands for the effective area, and V stands for material use by volume. As P and S are the numerators of the equation, the CE value increases when the output power and the effective charging area are increment. On the other hand, as V is the denominator of the equation, the CE value increases when the material volume of coils become less. Thus, by taking into account the output power, the effective area for power transmission, and the copper usage per volume, the cost-effectiveness for the WPT coupler can be evaluated and compared quantitatively. Namely, the larger CE value represents the better cost-effectiveness of the coupler type. It should be noted that the CE evaluation index is based on the coupler shapes of the transmission coil and the receiving coil and independently on the time. Also, if the region is given, such as a road, the larger CE indicates the better coupler design.
For the optimally fixed position (x = 0), the values of the cost-effectiveness for the rectangular, circular, and hexagonal couplers are 2736 kW/m, 2952 kW/m and 3229 kW/m, respectively. However, in the procedure of dynamic charging which can be regarded as the periodic horizontal offsets, the average value of the cost-effectiveness should be considered. The values of the average cost-effectiveness for the rectangular, circular and hexagonal couplers are 1675 kW/m, 1615 kW/m, and 1653 kW/m, respectively. Therefore, by analyzing the values of the cost-effectiveness for the static (aligned position) and dynamic (horizontal misalignment positions) charging circumstances, the corresponding conclusions can be drawn:
• The rectangular coil can be used as the main transmitting part for dynamic charging since it has the larger cost-effectiveness value. Namely, the rectangular coil has the better capability of transferring the power under the suitable material cost.
•
The hexagonal coil can be used as the main transmitting part for the static charging since it has the larger cost-effectiveness value. On the other hand, the hexagonal coil can be used as the auxiliary part for the dynamic charging because it has the ability of concentrating the output power at a specific point. In engineering applications, a WPT system for EV charging should be implemented by considering maximum power output capability for the effective charging area under the minimum material cost. Thus, an evaluation equation is created for wireless power charging of EVs by this paper which can effectively and quantitatively estimate the cost-effectiveness of a WPT system via the power output, the effective area, and the material volume, as follows.
where P stands for the output power, S stands for the effective area, and V stands for material use by volume. As P and S are the numerators of the equation, the CE value increases when the output power and the effective charging area are increment. On the other hand, as V is the denominator of the equation, the CE value increases when the material volume of coils become less. Thus, by taking into account the output power, the effective area for power transmission, and the copper usage per volume, the cost-effectiveness for the WPT coupler can be evaluated and compared quantitatively. Namely, the larger CE value represents the better cost-effectiveness of the coupler type. It should be noted that the CE evaluation index is based on the coupler shapes of the transmission coil and the receiving coil and independently on the time. Also, if the region is given, such as a road, the larger CE indicates the better coupler design. For the optimally fixed position (x = 0), the values of the cost-effectiveness for the rectangular, circular, and hexagonal couplers are 2736 kW/m, 2952 kW/m and 3229 kW/m, respectively. However, in the procedure of dynamic charging which can be regarded as the periodic horizontal offsets, the average value of the cost-effectiveness should be considered. The values of the average cost-effectiveness for the rectangular, circular and hexagonal couplers are 1675 kW/m, 1615 kW/m, and 1653 kW/m, respectively. Therefore, by analyzing the values of the cost-effectiveness for the static (aligned position) and dynamic (horizontal misalignment positions) charging circumstances, the corresponding conclusions can be drawn:
The rectangular coil can be used as the main transmitting part for dynamic charging since it has the larger cost-effectiveness value. Namely, the rectangular coil has the better capability of transferring the power under the suitable material cost.
The hexagonal coil can be used as the main transmitting part for the static charging since it has the larger cost-effectiveness value. On the other hand, the hexagonal coil can be used as the auxiliary part for the dynamic charging because it has the ability of concentrating the output power at a specific point.
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The circular coil has the medium value of the cost-effectiveness for the power transfer. Hence, this type of coupler is not preferred for the system installation.
The CE equation includes the power output and the effective area, which directly relate with the charging frequency and the charging distance. When the frequency is higher, the power would be higher for the same WPT system. Also, when the distance is larger, the power would be less for the same WPT system. Actually, the CE equation is for the general cost-effectiveness estimation of a WPT system, which is independent from the charging frequency and the charging distance.
Proposed Dynamic Charging System
System Configuration
In order to transfer the power to the receiving coil, EV dynamic charging systems normally adopt a long-track primary coil for transmitting the power [12, [21] [22] [23] . Figure 5 shows the schematic of the EV dynamic charging system, which consists of the power source, the transmitting coils, the receiving coil, the driving and charging system, and the auxiliary devices. In this way, the EV dynamic charging system allows the EV to pick up the continuous electrical energy from the power source during driving.
• The circular coil has the medium value of the cost-effectiveness for the power transfer. Hence, this type of coupler is not preferred for the system installation.
•
Proposed Dynamic Charging System
System Configuration
In order to transfer the power to the receiving coil, EV dynamic charging systems normally adopt a long-track primary coil for transmitting the power [12, [21] [22] [23] . Figure 5 shows the schematic of the EV dynamic charging system, which consists of the power source, the transmitting coils, the receiving coil, the driving and charging system, and the auxiliary devices. In this way, the EV dynamic charging system allows the EV to pick up the continuous electrical energy from the power source during driving. Specifically, the transmission coils are beneath the road and connect with the power source. Under the resonant frequency, the receiving coil which is installed at the bottom of the car can pick up the continuous energy from the transmitting coils through the dynamic driving procedure. Based on the above conclusion of the cost-effectiveness for static and dynamic charging, the transmitter combines the rectangular with hexagonal coils together rather than the conventional long-track rectangular coil. Figure 6 shows the design of a conventional long-track coil and Figure 7 illustrates the proposed combined-type transmitting coil. The criteria of transmitting coil design are based on the same volume of material usage, and the same effective length and area. Specifically, the transmission coils are beneath the road and connect with the power source. Under the resonant frequency, the receiving coil which is installed at the bottom of the car can pick up the continuous energy from the transmitting coils through the dynamic driving procedure. Based on the above conclusion of the cost-effectiveness for static and dynamic charging, the transmitter combines the rectangular with hexagonal coils together rather than the conventional long-track rectangular coil. Figure 6 shows the design of a conventional long-track coil and Figure 7 illustrates the proposed combined-type transmitting coil. The criteria of transmitting coil design are based on the same volume of material usage, and the same effective length and area. the conventional coils. Hence, if the two types of transmitting coils use the same volume of materials, the number of turns of the proposed combined type coil is bigger than that of the conventional coil. Furthermore, the electromagnetic field will be concentrated to the body of the road rather than distributed to edges and corners. Also, this design fits the track of vehicles which normally run on the road. Therefore, the output power can be increased significantly along the central line of the road by the proposed combined type. Figure 8 shows the output power of the dynamic charging system while the receiving coil is moving along the transmitting coil at optimal positions under the load of 18 ohm. As can be seen in the figure, the output power of the combined-type coil is significantly higher than that of the conventional coil from 400 mm to 2000 mm. Also, the power of the combined type is only slightly smaller than the conventional one before 400 mm and after 2000 mm, in which is at the edge of the transmitting coil. This illustrates that the proposed combined-type coil has the better performance for power transmission for EV dynamic charging. the conventional coils. Hence, if the two types of transmitting coils use the same volume of materials, the number of turns of the proposed combined type coil is bigger than that of the conventional coil. Furthermore, the electromagnetic field will be concentrated to the body of the road rather than distributed to edges and corners. Also, this design fits the track of vehicles which normally run on the road. Therefore, the output power can be increased significantly along the central line of the road by the proposed combined type. Figure 8 shows the output power of the dynamic charging system while the receiving coil is moving along the transmitting coil at optimal positions under the load of 18 ohm. As can be seen in the figure, the output power of the combined-type coil is significantly higher than that of the conventional coil from 400 mm to 2000 mm. Also, the power of the combined type is only slightly smaller than the conventional one before 400 mm and after 2000 mm, in which is at the edge of the transmitting coil. This illustrates that the proposed combined-type coil has the better performance for power transmission for EV dynamic charging. The receiving coil adopts the rectangular design as shown in Table 1 , which is due to the vehicle shape. The design specifications of transmitting coils are given in Table 2 . The combined type of transmitting coil does not cover the edge and corner of the road. Thus, the material is used less than the conventional coils. Hence, if the two types of transmitting coils use the same volume of materials, the number of turns of the proposed combined type coil is bigger than that of the conventional coil. Furthermore, the electromagnetic field will be concentrated to the body of the road rather than distributed to edges and corners. Also, this design fits the track of vehicles which normally run on the road. Therefore, the output power can be increased significantly along the central line of the road by the proposed combined type. Figure 8 shows the output power of the dynamic charging system while the receiving coil is moving along the transmitting coil at optimal positions under the load of 18 ohm. As can be seen in the figure, the output power of the combined-type coil is significantly higher than that of the conventional coil from 400 mm to 2000 mm. Also, the power of the combined type is only slightly smaller than the conventional one before 400 mm and after 2000 mm, in which is at the edge of the transmitting coil. This illustrates that the proposed combined-type coil has the better performance for power transmission for EV dynamic charging. The magnetic flux distribution of the transmitting coil is calculated by FEM and demonstrated in Figure 9 under a load of 18 ohm. As shown in the graph, the magnetic flux density of combined-type transmitting coil is higher and more concentrated to the center. In practical situation, the vehicle drivers are able to control their vehicles to run within this range, and most drivers prefer to drive along the center of the roads rather than edge of the roads. Although the convention coil has slightly greater tolerance of misalignment at the corner of the coil, most of the magnetic flux distributed at the corner is out of use due to the driver habit. Thus, the proposed combined-type coil can improve the output power in practical circumstances. The magnetic flux distribution of the transmitting coil is calculated by FEM and demonstrated in Figure 9 under a load of 18 ohm. As shown in the graph, the magnetic flux density of combined-type transmitting coil is higher and more concentrated to the center. In practical situation, the vehicle drivers are able to control their vehicles to run within this range, and most drivers prefer to drive along the center of the roads rather than edge of the roads. Although the convention coil has slightly greater tolerance of misalignment at the corner of the coil, most of the magnetic flux distributed at the corner is out of use due to the driver habit. Thus, the proposed combined-type coil can improve the output power in practical circumstances. The magnetic flux distribution of the transmitting coil is calculated by FEM and demonstrated in Figure 9 under a load of 18 ohm. As shown in the graph, the magnetic flux density of combined-type transmitting coil is higher and more concentrated to the center. In practical situation, the vehicle drivers are able to control their vehicles to run within this range, and most drivers prefer to drive along the center of the roads rather than edge of the roads. Although the convention coil has slightly greater tolerance of misalignment at the corner of the coil, most of the magnetic flux distributed at the corner is out of use due to the driver habit. Thus, the proposed combined-type coil can improve the output power in practical circumstances. Energies 2016, 9, 906 10 of 13
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Experimentation Result
In order to compare and verify the conventional-type and combined-type coils for EV dynamic charging, experimentation was performed. Figure 10 shows the testing system, which consists of the signal function generator, power amplifier, testing models, oscilloscope, and auxiliary devices. For experimentation, the prototype of the charging system is designed with proportions of 10:1. The specifications of the conventional-type transmitting coil, the combined-type transmitting coil, and the receiving coil are listed in Table 3 .
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In order to compare and verify the conventional-type and combined-type coils for EV dynamic charging, experimentation was performed. Figure 10 shows the testing system, which consists of the signal function generator, power amplifier, testing models, oscilloscope, and auxiliary devices. For experimentation, the prototype of the charging system is designed with proportions of 10:1. The specifications of the conventional-type transmitting coil, the combined-type transmitting coil, and the receiving coil are listed in Table 3 . Figure 11 shows the thermal images of conventional type and combined type of systems when the receiving coil was connecting to loads under different resistances. In Figure 11 , it can be found that the temperature of the system is decreased when the resistance of loads is increased. And the combined type of the first row has the slightly higher temperature than that of the conventional type of the second row at the same load resistance. It indicates that the proposed combined type of WPT system can produce much more power under the same input current. Figure 11 shows the thermal images of conventional type and combined type of systems when the receiving coil was connecting to loads under different resistances. In Figure 11 , it can be found that the temperature of the system is decreased when the resistance of loads is increased. And the combined type of the first row has the slightly higher temperature than that of the conventional type of the second row at the same load resistance. It indicates that the proposed combined type of WPT system can produce much more power under the same input current.
Then, the VA rate is evaluated for both conventional type and combined type, when the receiving coil moves along the optimal track of the transmitting coil. Figure 12a -c present the VA rate of the transmitting circuit under load resistances of 5 ohm, 7 ohm and 10 ohm, respectively. It should be noted that the VA rate is not the efficiency of the active power since the existence of inevitable reactive power in practical circuits. However, the VA rate can truly reflect the differences in actual efficiencies of the system. As can be seen in the figures, the VA rates of both systems increase significantly when the receiving coil moves from 0 cm to 3 cm. Also, the efficiency of the systems decreases when the resistance of the load increases from 5 ohm to 10 ohm. It is obvious that the efficiency of the combined topology is higher than that of the conventional topology in most circumstances. In fact, the performances of both systems when the receiving coil approaches the edge of transmitting coil become worse. Then, the VA rate is evaluated for both conventional type and combined type, when the receiving coil moves along the optimal track of the transmitting coil. Figure 12a -c present the VA rate of the transmitting circuit under load resistances of 5 ohm, 7 ohm and 10 ohm, respectively. It should be noted that the VA rate is not the efficiency of the active power since the existence of inevitable reactive power in practical circuits. However, the VA rate can truly reflect the differences in actual efficiencies of the system. As can be seen in the figures, the VA rates of both systems increase significantly when the receiving coil moves from 0 cm to 3 cm. Also, the efficiency of the systems decreases when the resistance of the load increases from 5 ohm to 10 ohm. It is obvious that the efficiency of the combined topology is higher than that of the conventional topology in most circumstances. In fact, the performances of both systems when the receiving coil approaches the edge of transmitting coil become worse. Then, the VA rate is evaluated for both conventional type and combined type, when the receiving coil moves along the optimal track of the transmitting coil. Figure 12a -c present the VA rate of the transmitting circuit under load resistances of 5 ohm, 7 ohm and 10 ohm, respectively. It should be noted that the VA rate is not the efficiency of the active power since the existence of inevitable reactive power in practical circuits. However, the VA rate can truly reflect the differences in actual efficiencies of the system. As can be seen in the figures, the VA rates of both systems increase significantly when the receiving coil moves from 0 cm to 3 cm. Also, the efficiency of the systems decreases when the resistance of the load increases from 5 ohm to 10 ohm. It is obvious that the efficiency of the combined topology is higher than that of the conventional topology in most circumstances. In fact, the performances of both systems when the receiving coil approaches the edge of transmitting coil become worse. 
Conclusions
In this paper, a cost-effectiveness comparison of coupler designs is firstly carried out for EV dynamic charging. The corresponding CE equation is created according to the output power, the effective area, and the copper material volume. Then, based on the optimal cost-effectiveness suggestion for coupler design, a new combined-type coil is proposed and compared with the conventional-type coil for the WPT system. Both simulation and experimentation are accomplished, which illustrate that the combined-type of WPT system is more cost-effective than the conventional type. The corresponding performances are given and discussed to verify the validity of the proposed design.
